A minoglycoside antibiotics constitute a large and diverse group of naturally occurring and semisynthetic compounds. Structurally, aminoglycosides are classified as those which contain a 2-deoxystreptamine ring, and those that do not are considered atypical. The 2-deoxystreptamine-containing antibiotics are further subdivided into 4,5-and 4,6-disubstituted aminoglycosides based on the position of substituents on the ring (ring B in Fig. 1 ) (1) . Most of the currently used aminoglycosides (gentamicin, tobramycin, amikacin, isepamicin, sisomicin, netilmicin, and arbekacin) are 4,6-disubstituted compounds. Aminoglycoside antibiotics exert their antibacterial activity by binding to the bacterial 30S ribosomal subunit, thus interfering with protein synthesis (2) (3) (4) . Following their discovery in 1944, aminoglycosides were intensively used for prophylaxis and in the treatment of a wide variety of infections, including tuberculosis, throughout much of the 1980s (5) . Subsequently, the consumption of aminoglycosides significantly decreased due to their nephro-and ototoxicity and the availability of alternative, less toxic, compounds such as ␤-lactams in combination with ␤-lactam inhibitors, extended-spectrum cephalosporins, carbapenems, and fluoroquinolones, among others. Over the last decade, interest in aminoglycosides has been rejuvenated due to the selection and dissemination of clinical bacterial isolates resistant to all other available antimicrobial agents and the implementation of novel strategies for administering and monitoring aminoglycosides that significantly decrease the intensity and frequency of side effects (6, 7) . Currently, indications for aminoglycoside administration include, among others, surgical prophylaxis, empirical therapy of intra-abdominal, genitourinary, and respiratory infections, endocarditis and sepsis, and directed therapy of various serious infections, often in combination with other antimicrobial agents (8) .
A wide variety of aminoglycoside resistance mechanisms have been described in Gram-positive and Gram-negative bacteria (5). They include impaired uptake of aminoglycosides by anaerobes and facultative anaerobes (9, 10) , active efflux of the antibiotics (11) (12) (13) , and mutational modification of their target, the 30S ribosomal subunit (14) (15) (16) . More clinically relevant mechanisms of aminoglycoside resistance are methylation of rRNA and enzymatic modification of the antibiotic. Posttranslational methylation of rRNA produces high-level resistance to 4,6-disubstituted aminoglycoside antibiotics. This mechanism of resistance was first discovered in aminoglycoside-producing bacteria (17) and has subsequently been recognized as an important mechanism of aminoglycoside resistance in Gram-negative pathogens (18, 19) . Enzymatic modification of antibiotics is the major mechanism of resistance to aminoglycosides in both Gram-negative and Grampositive bacteria. Three families of aminoglycoside-modifying enzymes, aminoglycoside acetyltransferases (AACs), aminoglycoside nucleotidyltransferases (ANTs), and aminoglycoside phosphotransferases (APHs), also known as aminoglycoside kinases, perform cofactor-dependent modification of the amino (AACs) and hydroxyl (ANTs and APHs) groups of aminoglycoside antibiotics (1, 5, 20) .
Aminoglycoside 2Љ-phosphotransferases [APH(2Љ)s], enzymes that phosphorylate the 2Љ-hydroxyl groups of aminoglycoside antibiotics, are widely distributed in enterococci and staphylococci. Four distantly related APH(2Љ) subfamilies, sharing 28 to 32% amino acid sequence identity, have been identified in clinical enterococcal isolates (21) . Recently, a novel nomenclature for these enzymes has been proposed based on their detailed kinetic characterization (22) (23) (24) (25) . The enzymes were renamed according to the subfamily into which they belong: thus, APH(2Љ)-Ib, -Ic, and -Id are now referred to as APH(2Љ)-IIa, -IIIa, and -IVa, respectively. All APH(2Љ)s are monofunctional enzymes, with the exception of the APH(2Љ)-Ia, which is expressed as the C-terminal domain of the bifunctional enzyme AAC(6=)-Ie/APH(2Љ)-Ia. The gene for this bifunctional enzyme has been identified exclusively in Grampositive pathogens and is the major determinant for high-level resistance to aminoglycosides in enterococci and staphylococci. Our analysis of amino acid sequences deposited in the GenBank database allowed us to identify a novel monofunctional 2Љ-phosphotransferase in a Gram-negative pathogen, Campylobacter jejuni, whose amino acid sequence is 78% identical to that of the APH(2Љ)-Ia domain of the bifunctional enzyme. Herein, we report the substrate profile and steady-state kinetic parameters of this enzyme, which we refer to as APH(2Љ)-If, a monofunctional kinase of the APH(2Љ)-I subfamily.
MATERIALS AND METHODS
Cloning of the aph-If and aph-Ia genes. The gene encoding APH(2Љ)-If was custom synthesized (GenScript) using the sequence reported for the C. jejuni plasmid pCG8245 (GenBank accession no. GI:57118025). The gene for the APH(2Љ)-Ia domain of AAC(6=)-Ie/APH(2Љ)-Ia was PCR amplified, starting at the codon for Met 175, using the gene for the bifunctional enzyme as the template. NdeI and HindIII sites were introduced at the 5= and 3= ends of the gene during the amplification. Each gene was cloned between the NdeI and HindIII sites of the pET22b(ϩ) expression vector, to generate the plasmids pET22::aph(2Љ)-If and pET22::aph(2Љ)-Ia, and also into the pBluescript II KS(ϩ) vector, under the control of the promoter for aph(2Љ)-IIIa as described elsewhere (23) , to generate the plasmids pBluescript::aph(2Љ)-If and pBluescript::aph(2Љ)-Ia. For protein expression and purification, the recombinant plasmids pET22::aph(2Љ)-If and pET22::aph(2Љ)-Ia were transformed into Escherichia coli BL21(DE3) cells, and clones were selected on LB agar plates supplemented with 100 g/ml ampicillin. The pBluescript::aph(2Љ)-If and pBluescript::aph(2Љ)-Ia plasmids were transformed into E. coli JM83, and clones, selected with 100 g/ml ampicillin, were used for antibiotic susceptibility testing.
Antibiotic susceptibility testing. The antibiotics used in this study were from the following sources: kanamycin A, gentamicin C, sisomicin, tobramycin, lividomycin A, paromomycin, and neomycin B were from Sigma, St. Louis, MO; amikacin was from US Pharmacopeia, Rockville, MD; isepamicin and netilmicin were from Schering-Plough, Kenilworth, NJ; and arbekacin, dibekacin, and kanamycin B were from Meiji Seika Kaisha, Ltd., Tokyo, Japan. Neamine was a generous gift from S. Mobashery (University of Notre Dame). MICs of various aminoglycoside antibiotics were determined by the broth microdilution method according to the guidelines of the Clinical and Laboratory Standards Institute (26) . The MIC values were determined in Mueller-Hinton II broth (Difco), using E. coli JM83 cells harboring either the pBluescript::aph(2Љ)-If or pBluescript:: aph(2Љ)-Ia plasmid and E. coli JM83 without vector as a control. The optical densities of freshly grown bacterial cultures were measured at 625 nm, and the cultures were diluted to result in a final inoculum of 5 ϫ 10 5 CFU/ml. The MICs were determined in triplicate in 96-well plates containing 100 l/ well of Mueller-Hinton II broth with 2-fold serial dilutions of the antibiotics. The plates were incubated at 37°C for 16 to 20 h before the results were analyzed.
Expression and purification of APH(2؆)-If and -Ia. An E. coli BL21(DE3) strain harboring the pET22::aph-If plasmid was grown in a shaker/incubator at 37°C in LB broth supplemented with 100 g/ml ampicillin. When the optical density of the bacterial culture reached 0.6 at 600 nm, protein expression was induced with 0.5 mM isopropyl-␤-Dthiogalactoside and the culture was grown for an additional 20 h at 22°C. Cells were collected by centrifugation at 5,000 ϫ g at 4°C for 10 min, resuspended in buffer A (25 mM HEPES, pH 7.5), supplemented with 1 mM EDTA and 0.2 mM dithiothreitol (DTT), and disrupted by sonication. The cell lysate was clarified by centrifugation at 20,000 ϫ g at 4°C for 30 min, and the nucleic acids were precipitated from the supernatant using 1.5% (wt/vol) streptomycin sulfate. The centrifugation step was repeated, and the sample was dialyzed against buffer A at 4°C. The sample was centrifuged at 20,000 ϫ g at 4°C for 30 min to remove any precipitate. The supernatant was supplemented with 100 mM NaCl and 1 g/ml RNase A and loaded onto an Affi-Gel 15-kanamycin A affinity column, which was equilibrated in buffer A supplemented with 100 mM NaCl. Bound proteins were eluted from the affinity resin with a linear NaCl gradient (100 to 800 mM) in buffer A, and fractions were analyzed by 12% SDS-PAGE. Fractions containing APH(2Љ)-If (peak eluted at ϳ520 mM NaCl) were pooled, concentrated, and desalted. The enzyme was purified to homogeneity, as judged by SDS-PAGE. The protein concentration was measured spectrophotometrically using the theoretical extinction coefficient (⌬ε 280 ϭ 33,000 cm Ϫ1 M Ϫ1 ) (27) and the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL). The purified APH-If protein was stored in aliquots either in liquid nitrogen or in 50% glycerol at Ϫ20°C. APH(2Љ)-Ia was expressed and purified as previously described (23) .
Enzyme kinetics. Phosphorylation of aminoglycoside antibiotics by the APH(2Љ)-If and APH(2Љ)-Ia enzymes was monitored with a continuous spectrophotometric assay in the presence of a saturating concentration of GTP (100 M) as a phosphate donor. In this coupled assay system, the amount of GDP released is monitored at 340 nm (⌬ε 340 ϭ Ϫ6,200 cm Ϫ1 M Ϫ1 ) by coupling it to the oxidation of NADH (25) . Data were collected on a Cary 50 spectrophotometer (Varian) at room temperature. Reactions were initiated by the addition of enzyme [final concentrations of 2.5 to 400 nM for APH(2Љ)-If and 5 to 240 nM for APH(2Љ)-Ia] in a 250-l reaction mixture that contained 100 mM HEPES (pH 7.0), 10 mM MgCl 2 , 20 mM KCl, 2 mM phosphoenolpyruvate, 100 M NADH, a commercial mixture of pyruvate kinase (PK) and lactate dehydrogenase (LD) (Sigma P0294; 12 to 20 U/ml PK and 18 to 28 U/ml LD final), 100 M GTP, and various concentrations of aminoglycoside. The steady-state kinetic parameters for GTP and ATP were measured with a saturating concentration of tobramycin (20 M) using the same reaction conditions and varying nucleotide instead of aminoglycoside. The steady-state velocities were determined from the linear phase of the progress curves of the reactions and plotted as a function of the variable substrate concentration. These data were fit nonlinearly with the Michaelis-Menten equation (equation 1) using Prism 5 (GraphPad Software, Inc.) to calculate the steady-state kinetic parameters K m and k cat . 
where v is the steady-state velocity, S is the substrate concentration, and
is the enzyme concentration.
The inhibitor dissociation constants (K i ) for lividomycin A and paromomycin from the enzyme/GTP complex were determined by the method of Dixon (28) 
where v 0 and v i are the steady-state velocities in the absence and presence of inhibitor, respectively, E is the enzyme concentration, I is the inhibitor concentration, K i is the inhibitor dissociation constant, S is the substrate concentration, and K m is the Michaelis constant for the substrate. The inhibitor dissociation constants were also determined for APH(2Љ)-Ia using the same procedure as APH(2Љ)-If with the following modifications. The enzyme was used at a final concentration of 20 nM, the competitive substrate was sisomicin at concentrations of 10 and/or 20 M, and the inhibitors were used at concentrations of 0 to 2,000 M (lividomycin A and paromomycin), 0 to 100 M (neomycin B), or 0 to 5 M (neamine).
RESULTS AND DISCUSSION
Aminoglycoside kinases phosphorylate the hydroxyl groups of aminoglycoside antibiotics, rendering them inactive. Four clinically important APH(2Љ) enzymes are widely distributed among Gram-positive enterococcal and staphylococcal isolates (21) . Members of this enzyme family, APH(2Љ)-Ia, -IIa, -IIIa, and -IVa are bisubstrate enzymes that phosphorylate aminoglycoside antibiotics using GTP and/or ATP as the phosphate donor (23) . The recently determined X-ray crystal structures of three of these enzymes, APH(2Љ)-IIa, -IIIa, and -IVa, have shed light on substrate recognition and NTP selectivity by these aminoglycoside kinases (24, 30, 31) . In our quest for novel APH(2Љ) phosphotransferases, we analyzed the amino acid sequences of enzymes deposited in the database of the National Center for Biotechnology Information. As the result of these efforts, a putative APH(2Љ), sharing 78% amino acid sequence identity with the APH(2Љ)-Ia domain of the bifunctional AAC(6=)-Ie/APH(2Љ)-Ia enzyme, was identified (Fig.  2) . Based on the high sequence similarity to APH(2Љ)-Ia, we named this enzyme APH(2Љ)-If. We chose the classification "-If" to avoid confusion with the previous employed -Ib, -Ic, -Id, and -Ie designations of the old nomenclature, although these are no longer used. Unlike all previously described APH(2Љ) enzymes, which have been identified exclusively in Gram-positive pathogens, APH(2Љ)-If was identified on a multidrug-resistant conjugative plasmid from a Gram-negative clinical isolate of C. jejuni (32) . (Table 1) . Both enzymes significantly elevated the MICs of the 4,6-disubstituted aminoglycosides kanamycin A, kanamycin B, tobramycin, dibekacin, gentamicin C, and sisomicin (32-to 128-fold), but they were much less efficient in conferring resistance to the semisynthetic 4,6-disubstituted aminoglycosides netilmicin, arbekacin, amikacin, and isepamicin. These semisynthetic antibiotics have substituents at the N1 position of the 2-deoxystreptamine ring, implying the importance of this position for the antibacterial potency of 4,6-disubstituted aminoglycosides in the presence of APH(2Љ)-Ia and APH(2Љ)-If enzymes. The MICs for netilmicin, a sisomicin derivative with a small ethyl group at position N1 of the 2-deoxystreptamine ring, increased only 4-to 8-fold in the presence of these enzymes. When the size of the side chain at N1 increased beyond ethyl, such as the (S)-3-amino-2-hydroxypropionyl in isepamicin and (S)-4-amino-2-hydroxybutyryl moieties in arbekacin or amikacin, the ex- (33) . Finally, the MICs for 4,5-disubstituted (neomycin B, lividomycin A, and paromomycin) and atypical (neamine) aminoglycosides tested were increased at most 2-fold.
As we have recently reported, two of the four APH(2Љ) phosphotransferases, APH(2Љ)-IIa and -IVa, can utilize both ATP and GTP as a phosphate source, while two other enzymes, APH(2Љ)-Ia and -IIIa, prefer GTP as a cofactor (23) . The nucleotide specificity of the enzymes stems from the existence of structural templates for recognition of both ATP and GTP in the active sites of these APH(2Љ) enzymes (30) . For APH(2Љ)-IIIa, it was shown that access to the ATP-binding template is blocked by a bulky tyrosine residue, so the enzyme preferentially uses GTP as a cofactor (30) . Although at present no structural information is available for either APH(2Љ)-Ia or -If, alignment of their amino acid sequences with that of APH(2Љ)-IIIa (data not shown) reveals that they also possess a tyrosine residue within the predicted nucleotide binding pocket [Tyr100 in APH(2Љ)-Ia and Tyr87 in APH(2Љ)-If] (Fig. 2) . To determine whether the monofunctional APH(2Љ)-If also prefers GTP during phosphate transfer, we evaluated the K m values of GTP and ATP for both APH(2Љ)-Ia and -If in the presence of tobramycin at a saturating concentration (Table 2) . APH(2Љ)-If shows an increase in relative affinity of greater than 2,000-fold for GTP over ATP, an even stronger preference than was observed with APH(2Љ)-Ia (ϳ600-fold increase). This preference for GTP is also observed with the bifunctional AAC(6=)-Ie/APH(2Љ)-Ia (ϳ1,000-fold increase) (34) , and thus the nucleotide selectivity is not influenced by the AAC(6=)-Ie domain. The conservation of tyrosine in the nucleotide binding pocket of both APH(2Љ)-Ia and -If and their preference for GTP are consistent with our hypothesis that this bulky amino acid residue blocks access to the ATP binding template.
Next, we evaluated the GTP-dependent substrate profile of the APH(2Љ)-If and APH(2Љ)-Ia enzymes. Both produce very similar substrate profiles, with only minor differences in the steady-state kinetic parameters. In the presence of a saturating concentration of GTP, both enzymes phosphorylate the majority of 4,6-disubstituted aminoglycosides studied, with catalytic efficiencies (k cat /K m ) ranging from 10 5 to 10 7 M Ϫ1 s Ϫ1 ( Table 2 ). The catalytic efficiencies of the APH(2Љ)-Ia domain previous evaluated using ATP as the cosubstrate are lower than or comparable to those obtained with GTP, which is consistent with its preference for GTP as the phosphate donor (35) . These high catalytic efficiencies result mostly from the high relative affinities (low K m values) of the antibiotics for the enzyme/GTP complex. The only two exceptions, amikacin and isepamicin, whose catalytic efficiencies are in the 10 2 to 10 4 M Ϫ1 s Ϫ1 range, have much lower apparent affinities (higher K m values) for the enzymes (Table 2) , which results in the inability of the enzymes to confer resistance to these antibiotics (Table 1) . It is of interest that both enzymes have good catalytic efficiency against the 4,6-disubstituted aminoglycoside arbekacin, but were only able to increase the MIC of this antibiotic a mere 2-fold, a strong indication that phosphorylated arbekacin retains significant antimicrobial activity.
With 4,5-disubstituted (neomycin B, paromomycin, and lividomycin A) and atypical (neamine) aminoglycosides, very low rates of phosphate transfer from GTP were observed. These rates were unchanged even when the reactions were monitored long enough to observe nonstoichiometric phosphorylation (greater than 3-fold excess of the aminoglycoside concentration). This indicates that either multiple sites on the antibiotic are phosphorylated or phosphate is actually transferred to water, instead of the antibiotic, as has been observed with the APH(3=)-Ia kinase (36) . The activity of the APH(2Љ)-Ia domain in the presence of ATP with 4,5-disubstituted and atypical aminoglycosides was also reported, but the catalytic efficiencies are low, and it is not known whether phosphate transfer was stoichiometric (35) . Regardless, the 4,5-disubstituted and atypical aminoglycosides are at most very poor substrates for the APH(2Љ)-If and APH(2Љ)-Ia phosphotransferases, and this finding is consistent with the MIC data, which show no resistance to these antibiotics (Table 1) . These data are also in good agreement with the substrate profiles of three other APH(2Љ) enzymes, none of which showed the ability to efficiently phosphorylate 4,5-disubstituted or atypical aminoglycosides (22, 24, 25) . Next, we tested neomycin B, paromomycin, lividomycin A, and neamine as inhibitors, and overall, 4,5-disubstituted aminoglycosides are better inhibitors of APH(2Љ)-If than the APH(2Љ)-Ia domain of the bifunctional enzyme (Table 3) . Of the three 4,5-disubstituted antibiotics tested, neomycin B is the most potent inhibitor, with K i values of 0.7 and 3.3 M for APH(2Љ)-If and -Ia, respectively. The atypical aminoglycoside neamine lacks a 2Љ-hydroxyl and is a very efficient inhibitor of both enzymes (Table 3 ). 
